An important characteristic of marine sediments is the oxygen concentration that affects many central metabolic processes. There has been a widespread increase in hypoxia in coastal systems (referred to as 'dead zones') mainly caused by eutrophication. Hence, it is central to understand the metabolism and ecology of eukaryotic life in sediments during changing oxygen conditions. Therefore, we sampled coastal 'dead zone' Baltic Sea sediment during autumn and spring, and analysed the eukaryotic metatranscriptome from field samples and after incubation in the dark under oxic or anoxic conditions. Bacillariophyta (diatoms) dominated the eukaryotic metatranscriptome in spring and were also abundant during autumn. A large fraction of the diatom RNA reads was associated with the photosystems suggesting a constitutive expression in darkness. Microscope observation showed intact diatom cells and these would, if hatched, represent a significant part of the pelagic phytoplankton biomass. Oxygenation did not significantly change the relative proportion of diatoms nor resulted in any major shifts in metabolic 'signatures'. By contrast, diatoms rapidly responded when exposed to light suggesting that light is limiting diatom development in hypoxic sediments. Hence, it is suggested that diatoms in hypoxic sediments are on 'standby' to exploit the environment if they reach suitable habitats.
Introduction
One of the main physical characteristics of marine sediments is the oxygen concentration that affects a number of central metabolic processes for organisms residing there. The oxygen concentration also affects the transport of nutrients and organisms between the sediment and the open water, i.e. the so-called benthic-pelagic coupling [1, 2] . Oxygen concentrations can fluctuate naturally but depletion in sediments has also increased over the last century, both in offshore and coastal areas [3, 4] . For example, in the Baltic Sea there has been a 10-fold increase in hypoxia (less than 2 mg l 21 oxygen) in the past century (aka 'dead zones'), mainly suggested to be caused by eutrophication [3] . Hence, it is central to understand the metabolism and ecology of eukaryotic life in the sediment during changing oxygen conditions. A significant part of the open water production of plankton and other organisms sinks to the ocean floor [5] where sediments not only act as sinks but rather, there is a constant benthic-pelagic exchange of elements such as phosphorous and nitrogen as well as organisms between the open water and the sediment [5] [6] [7] . Traditionally a lot of attention has been devoted to benthic-pelagic fluxes of nutrients [6] however, there is also a significant flux of organisms and there are many examples of taxa that have resting stages stored in the sediment, e.g. phytoplankton resting cells/spores and zooplankton eggs that can be viable from months up to decades or even centuries before germinating/hatching [8, 9] . This has generally been suggested to be a bet-hedging strategy to avoid harsh environmental conditions such as a cold winter [10] . Apart from resting stages, sediments also contain a plethora of other eukaryotic organisms specially adapted to live in either oxygenated or anoxic sediments, e.g. nematodes, ciliates and a number of fungi. An important question is whether these organisms can survive during changing oxygen conditions.
Phytoplankton are at times encountered in sediments, e.g. diatoms [11, 12] . Diatoms are globally ubiquitous and functionally important as they contribute a significant portion of open water marine primary productivity [13] . They are often dominant in dynamic environments such as upwelling zones and during spring mixing owing to their fast growth rate in nutrient-rich and turbulent waters [5, 14] . The ecology and function of open water diatom spring blooms have been intensely studied and it is well documented that blooms sink to the sediment in response to nutrient depletion (mainly Si; [5, 15] ). However, much less is known about the fate of diatoms once they reach the sediment and if mass sinking has a survival value [5] . It has been the general notion that hypoxia causes damage to ecosystems with increased mortality of benthic organisms [16] . By contrast, it was recently shown that diatom cells can survive darkness and anoxia for several months [9, 17] . Survival is proposed to be possible through nitrate respiration and/or dark fermentation pathways [11, 12] . Hence, survival of vegetative or resting cells/spores could be a part of the diatom life-history cycles and potentially contribute a seedbank for future blooms [5] .
Anoxic sediments are hostile environments for many eukaryotes, not only because of low oxygen concentrations, but also because of high concentrations of toxic substances such as hydrogen sulfide (H 2 S) [18] . In consequence, the benthic-pelagic coupling is reduced during anoxia-hypoxia since oxygen is required for germination/hatching of certain resting stages among both phyto-and zooplankton [1, 19] . One suggested remediation strategy for Baltic Sea 'dead zones' is artificial reoxygenation that consists of pumping and circulating oxygen rich surface waters to the anoxic bottom zones [20] . Previous large scale experiments of artificial re-oxygenation in an anoxic fjord led to decreased concentrations of phosphate and sulfide after oxygenating bottom zones [21] . In addition, controlled laboratory experiments found an increase in sulfide oxidizing bacteria and microbial sulfide and methane oxidation in the sediment surface after oxygenation [22] . However, the importance and dynamics of eukaryotic life in sediments is not well known especially during changing oxygen conditions. Sediment samples contain a plethora of dead and living biological material making this type of study challenging. Therefore, we applied metatranscriptomics, a powerful method to infer gene expression in the whole community as well as in separate organism populations, to identify the species diversity, their activity, and the processes they are carrying out. With this novel approach, we hypothesize that living, active eukaryotic life in sediments is dominated by diatoms and that oxygen conditions alter their activity.
Material and methods (a) Sampling
Sediment samples for incubations were collected on 18 November 2013 (denoted 2013 autumn in figures), 16 April 2016 (denoted 2016 spring in figures), and an additional set of samples was collected on 22 March 2017 for microscopy cell counts. All samples were collected in a semi-enclosed Baltic Sea coastal bay located near the town Loftahammar, Sweden. A detailed overview of the sampling occasions, location coordinates, and in situ chemistry measurements is available in the electronic supplementary material, table S1. In the deepest point of the bay, black H 2 S odour rich sediment at a water depth of 31 m was sampled using a gravity corer. The average salinity in the bottom water was 6.5 + 0.2 (n ¼ 3, s.d. ¼ 1) during all sampling occasions. During the 2013 sampling campaign the bottom water had an oxygen concentration of 0.5 mg l 21 and a temperature of 2.98C (WTV Multiline in situ sensors, approximately 2 -5 cm above the sediment surface; [22] ). In total, seven cores with sediment were collected (polymethylmethacrylate tubes, 60 cm long with an inner diameter of 7 cm) from the site (27.5-33.5 cm sediment height). From three cores, 1 ml of the top 1 cm sediment layer was collected and transferred into 2 ml microcentrifuge tubes to estimate the dry and wet weight (drying at 808C for 3 days). The other four cores were closed and transferred to the laboratory for incubation. During the 2016 sampling campaign the dissolved oxygen in the bottom water had a concentration of 3.83 mg l 21 and the temperature was 2.28C. From three sediment cores, the top 1 cm sediment surface layer was sliced directly on the boat into sterile 50 ml centrifuge tubes (referred to as 2016 field; n ¼ 3). After homogenization, a portion of each sliced sediment (4.5 ml) was transferred into a sterile 15 ml centrifuge tube containing 0.5 ml RNA fix solution (5% (vol/vol) water-saturated phenol in absolute ethanol) to prevent changes in RNA transcripts [23] . The 15 ml tube was then flash frozen and stored in liquid nitrogen until being transferred to 2808C upon return to the laboratory. An additional 13 cores were sampled, closed and transferred back to the laboratory for incubation (34.0-41.6 cm sediment height). During the 2017 sampling campaign the bottom water was oxygenated and had a concentration of 11.7 mg l 21 O 2 and a temperature of 2.58C (overlying the black sediment). Three sediment cores were sampled and directly after sampling the top 1 cm sediment surface (0-2 cm layer for one core) from each core was sliced into a 50 ml plastic tube and kept on ice and in darkness during transport to the laboratory. A sub-sample of this sediment was then preserved with Lugol's solution and diatom cells of the most common orders were identified and cell numbers were estimated for the most common genus (i.e. Skeletonema; Olympus CKX41, 400X). Another sub-sample of the 2017 field samples (approx. 1 g wet weight) was incubated in 200 ml growth f/2 medium [24] for two weeks (light 125 mE s 21 m
22
; temperature 38C). The most common diatom orders after incubation were identified and chlorophyll a was quantified spectrophotometrically with ethanol extraction according to established methods (e.g. [25] ).
(b) Incubation set-up
Sediment cores sampled during 2013 were incubated in darkness at 88C for 21 days [22] . Throughout the incubation, the oxygen concentration in the water overlying the sediment was measured in the cores with an oxygen electrode (inO2, Innovative Instruments). Full details of the incubation set-up is available in Broman et al. [22] . An overview of the incubation experiments is available in the electronic supplementary material, figure S1. The water phase (840-910 ml) and the sediment were exposed to oxygen shifts (i.e. either turned/maintained oxic at approximately 10 mg l 21 O 2 or anoxic) by bubbling the water phase overlying the sediment for 45 min with air or N 2 -gas, respectively. Two of the four cores sampled from the deep site were kept anoxic (2013 anoxic control; n ¼ 2) while the other two were turned oxic (2013 anoxic-to-oxic; n ¼ 2). Cores turned oxic allowed oxygen transfer through the water surface (i.e. the lids had holes) while cores turned anoxic were closed to stop intrusion of air. The water phase was subsampled every 4th day (data not reported here) and therefore, the cores turned anoxic were bubbled with N 2 -gas for 1-5 min and the oxygen concentration measured to ensure intrusion of oxygen had not occurred. The water phase in each core was mixed using sterile tubes containing neodymium magnets attached to the lids rspb.royalsocietypublishing.org Proc. R. Soc. B 284: 20171617 with monofilament line that were gently swirled by using rotating external magnets outside of the sediment cores. After 21 days of incubation, the top 1 cm sediment layer was sliced into a 50 ml centrifuge tube and a 4.5 ml portion of the sediment was transferred into RNA fix solution and directly stored at 2808C.
Sediment cores sampled from the deep site during 2016 were incubated in darkness at 88C for 15 days. Throughout the incubation the water phase (1.5-1.6 l) was mixed with magnets and the water and sediment surface were turned either oxic or were kept anoxic in the same manner as described above. The incubation set-up consisted of 10 cores turned oxic (approx. 10 mg l 21 O 2 ) that were sacrificed and sliced after 5, 9 and 15 days (2016 'turned oxic' day 5 (n ¼ 3), day 9 (n ¼ 3) and day 15 (n ¼ 4), respectively). The water phase was sub-sampled and oxygen was measured as described above (FireStingO2; OXR50 oxygen sensor). Each time sediment cores were sacrificed; the top 1 cm sediment surface was sliced and transferred for RNA extraction in the same manner as the 2013 incubation. In addition, during the 2016 experiment it was determined that the 'turned oxic' sediment surface had an oxygen penetration depth of approximately 1.5 mm before being sliced (FireStingO2; OXR50 oxygen sensor attached to a 50 mM resolution micromanipulator; Micromanipulator MU1, Pyroscience). The R1 sequences (i.e. forward sequences) were aligned with DIAMOND 0.7.9 [27] in conjunction with BLASTX 2.6.0þ [28] against the NCBI nr database with a minimum e-value of 0.001 and identity threshold at 97%. The output.daa files were then imported into MEGAN 6 with default settings providing access to INTERPRO protein (Oct 2016 version) and NCBI taxonomy database files (Aug 2016 version) [29] . From all the taxonomically annotated sequences: bacteria, archaea, eukaryota, and viruses (2013 average 1 567 123 reads and 2016 average 374 321 reads), an average representation of 53.0% and 29.4% belonged to eukaryotic taxa for the 2013 and 2016 data, respectively. The eukaryotic data in MEGAN 6 were then extracted and analysed for functional metabolism, and approximately 35 000 reads per sample could be linked to eukaryotic proteins in the INTERPRO database. Differences in read abundance were analysed with one sample t-tests or with
Kruskal-Wallis tests when assumptions for parametric statistical tests were not met. Data were normalized among samples as CPM values (counts per million reads; i.e. relative proportion Â 1 000 000). To identify statistically significant genes ( p , 0.05) differential expression was analysed using raw count data in the R package edgeR [30] .
Information from the RNA sequence data analysis including the amount of reads before and after quality trimming, average read lengths etc., is available in the electronic supplementary material, table S2. Bioinformatics were conducted using the UPPMAX Next Generation sequence Cluster Storage (UPPNEX) project b2013127 and b2016308 [31] at the Uppsala Multidisciplinary Center for Advanced Computational Science (UPPMAX). The raw sequence data have been uploaded to the NCBI database and have the following BioProject accession numbers: 2013 data; PRJNA322450, and the 2016 data; PRJNA347538. . Other common diatom orders identified in the sediment were Fragilares, Chaetocerotales, Melosirales, Bacillariales and Naviculales (figure 3; each group (i.e. order) had a cell concentration of less than 5% in relation to total diatom cell numbers) and these latter orders were also detected in the metatranscriptome data (figure 2). When sediment was incubated in growth media under light, an actively growing diatom community developed producing chlorophyll (figure 3; 8.2 + 0.9 mg chlorophyll a m
Results
The biological activity of the diatoms in the 2016 spring near-hypoxic field and sediment turned and maintained anoxic for 15 days was mainly attributed to the electron transport chain, metabolites/energy, transport, biosynthetic processes, photosynthesis, and nucleotide metabolic processes (figure 2). A similar activity was observed for the 2013 autumn sediment maintained anoxic for 21 days but with relatively more reads associated with photosynthesis and translation compared to the spring samples ( figure 2) . A full list of Gene Ontology biological categories and INTERPRO annotations are available in the electronic supplementary material, table S4.
A large fraction of all the detected diatom reads were associated with the thylakoid membrane in the chloroplasts ( plastids), especially the photosystems and the electron transfer system between photosystems through the cytochrome-complex (more than 10 000 CPM; figure 4) . Within the 'electron transport chain' category we identified e l e c t r o n t r a n s p o r t c h a i n 1 m e t a b o l i t e s a n d
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t r a n s l a t i o n 7 t r a n s c r i p t i o n , D Apart from the reads associated with the photosystems, there was also a high abundance of reads (many samples more than 10 000 CPM; figure 4) attributed to ATPase activity (e.g. ATPase F 0 complex subunit A and ATPase F 1 complex alpha subunit) which are part of ATP hydrolysis and/or synthesis in the chloroplasts or mitochondria (e.g. INTERPRO ID: 0-302 503 CPM; IPR000568). Furthermore, there were a number of reads associated with the structure of ribosomes as well as protein synthesis (e.g. ribosomal protein S7 and translation elongation factor EFTu/EF1A). Finally, there were notably few reads associated with the Calvin-Benson-Bassham cycle and cellular respiration (both aerobic and anaerobic).
Other abundant reads were attributed to a functionally important peptidase ftsH, a heat shock protein 70 family important for protein structure, a silicon transporter for uptake of silicic acid or silicate, and a magnesium chelatase involved in chlorophyll synthesis (INTERPRO IDs: IPR005936, IPR001404, IPR004693 and IPR011775, respectively). For a full list of INTERPRO IDs that could be linked to diatoms see the electronic supplementary material, table S5.
(c) Diatom activity during oxygen shifts
Near-hypoxic sediment sampled in spring 2016 was oxygenated during 15 days and the relative contribution of diatoms to the total eukaryotic RNA pool tended to decrease during oxygenation, but the change was not a significant (Kruskal-Wallis test, p ¼ 0.15; comparing effect after 15 days to 'turned anoxic' day 15 sediment; figure 5). Even though there was no significant change in relative contribution of diatom reads during oxygen treatment, the edgeR analysis resulted in a few significant changes in INTERPRO proteins within the diatom group (i.e. RNA reads attributed to genes coding for proteins). A total of 116 INTERPRO proteins were identified to be affiliated with diatoms in the INTERPRO database, of these 13 were significantly changed upon oxygenation (electronic supplementary material, table S5). Notably, no proteins involved in metabolic functions indicating an active vegetative cell could be identified in hypoxic or oxygenated sediments (electronic supplementary material, table S5). For further analysis the list was delimited to proteins with an average greater than 1000 CPM (2016 field samples used for delimiting the list; figure 4) . Many of these g f 10 mm 20 mm 
(d) Activity of other eukaryotes during oxygenation
Reads associated with Oomycetes (water moulds) and Arthropoda (e.g. crustaceans) were relatively more abundant in sediments oxygenated during 15 days as compared to sediment turned and maintained anoxic during the incubations (figure 5, one sample t-test, t 4.7 ¼ 2.7; t 4.1 ¼ 3.1; both p , 0.05 for Oomycetes and Arthropoda, respectively, electronic supplementary material, table S3). There was a large variability among sampled sediment cores in terms of RNA profiles for these less common phyla. Hence, a comprehensive analysis of biological activity was not possible but a full list of INTERPRO IDs is available in the electronic supplementary material, table S4. The most abundant INTERPRO-matches were pyrophosphate-energized proton pump in Oomycetes, alpha tubulin in Ciliophora, ribosomal protein S11 in Nematoda, and translation elongation factor EF1A in Arthropoda.
Discussion
Diatoms are abundant and ubiquitous in the oceans and because many sink down as far as several thousand metres, they are globally important in benthic-pelagic coupling and cycling of carbon [32] and silica [13] . In this study, RNA sequences revealed that diatoms dominate the eukaryotic transcriptome in oxygen-deficient sediment (so called 'dead zones'). The majority of the active diatom taxa belonged to the order Thalassiosirales (figure 2) including the genera Thalassiosira and Skeletonema (electronic supplementary material, table S3) that are also common pelagic species in the Baltic Sea [33] . Even though some large-sized diatoms have ascent buoyant capabilities, the majority of diatoms in this study (i.e. Thalassiosirales) have not been reported to be able to ascend independently [34] . Therefore, it is likely that these diatoms are unable to reach the upper waters independently. Known orders of microphytobenthic diatoms were detected in the study, e.g. Naviculales and Bacillariales [35] . Living microphytobenthic diatoms have also been observed in darkness below the euphotic zone showing active respiration [36] . In this study, sediment cores were incubated in anoxia and darkness and Thalassiosirales represented more than 95% of the diatom metatranscriptome with very few reads associated to cellular respiration. Therefore the role of microphytobenthic diatoms is probably minor in these 'dead zone' sediments. Previous studies have shown that diatoms can survive darkness and anoxia in the sediment [9, 17, 37] for several decades [9] . Initial survival in darkness and anoxia for e.g. Thalassiosira is linked to reduction of assimilated nitrate [12, 37] . Nitrate reduction typically occurs for 1 day and is suggested as an initial step to enter resting stage [12] . In this study, no RNA reads affiliated with diatoms conducting nitrate reduction were identified suggesting that the cells had already entered resting stage. Furthermore, no RNA reads affiliated with diatoms conducting known fermentation pathways in anoxic sediment [38] were identified. This further indicates that the diatoms were in resting stage. The majority of the RNA reads affiliated with diatoms were found to be associated with the thylakoid membrane in the chloroplasts (plastids), such as photosystems I and II, cytochrome, electron transport, and the F 0 F 1 ATPase (figure 4). Previous chloroplast genome sequencing of pelagic Thalassiosira oceanica [39] also found similar RNA reads as in the present study (i.e. simple genome with e.g. ribosome proteins, photosystems I and II, cytochrome b 6 /f, ATP synthase, and RubisCO for CO 2 fixation [39] ; figure 4 and electronic supplementary material, table S5). The low abundance of RNA reads associated with the Calvin-Benson-Bassham cycle suggests that sediment diatoms were in resting stage not fixing CO 2 but with the photosystems being on 'standby'. The large amount of RNA reads affiliated with the light trapping steps in photosynthesis during darkness, anoxia and cold temperature indicates an anticipatory circadian mechanism for rapid activation of full photosynthesis when more favourable conditions arise. Gene expression of the photosystems in diatoms have also been found in the Landsort deep (466 m) which is the deepest point of the Baltic Sea [38] suggesting that this is a widespread ability among diatoms. rspb.royalsocietypublishing.org Proc. R. Soc. B 284: 20171617
It has also been shown that diatoms are able to maintain photosystems in prolonged darkness and rapidly use it upon light exposure [40, 41] , including e.g. Thalassiosira weissflogii [42] and Thalassiosira pseudonana [43] . Here we confirm with the use of metatranscriptomics that diatoms resting in coastal 'dead zone' sediment were able to maintain the photosystem in situ during prolonged darkness and hypoxia and furthermore, that these diatoms were able to enter vegetative growth upon light exposure (figure 3). Coastal diatoms have been found to have a higher concentration of photosystem I and cytochrome b 6 /f which requires more iron compared to that of oceanic diatoms (that are adapted to the low iron concentration in the ocean) [44] . It has been suggested that this is to rapidly re-acclimate to differences in light availability more common in coastal waters [44] . This would give coastal diatoms an effective means to quickly exploit changes in light conditions, such as upwelling or water mixing events [5, 14] . In contrast to our hypothesis, oxygenation of hypoxic/ anoxic sediment did not significantly change the relative proportion of diatoms in the total eukaryotic metatranscriptome. However, there was a decreasing trend, which could have been a response to oxygen by other eukaryotic taxa such as Basidiomycota (group of fungi) and Oomycetes (water moulds) (figure 5). During oxygenation we could also not see any metatranscriptomic signs for significant changes in metabolic activities, such as glycolysis or the Calvin-BensonBassham cycle, indicating a termination of resting stage (figure 4). These findings suggest that diatoms are triggered by light exposure rather than oxygen, and that upwelling of bottom zones or water column mixing would initiate these diatoms to quickly enter vegetative growth upon light exposure. From these results we suggest that resting diatoms in 'dead zone' sediments potentially, if reaching the upper waters and light, increase the benthic-pelagic coupling.
We used the Skeletonema cell counts, which was the most common diatom in the sediment (of approx. coastal Baltic Sea water; [47] ). The Skeletonema cells in sediment thus represent 0.3% of the annual phytoplankton carbon biomass in the euphotic water, or approximately 120% of the average daily phytoplankton yield if the resting diatoms would all germinate during one day. This indicates that sudden mixing of water column disturbing the sediment surface could stir up diatoms that would substantially contribute to the carbon budget in the coastal bay. To conclude, using second generation sequencing, this study showed that diatoms dominate the eukaryotic metatranscriptome in 'dead zone' sediments during spring, while being highly abundant during autumn. Even in the dark, the resting diatoms maintained RNA transcripts coding for the photosystems and are able to enter active growth upon light exposure. We could not find metatranscriptomic signs that diatom cells entered vegetative growth upon oxygenation. Therefore, natural oxygenation events such as inflow of oxygen rich deep water [48] or artificial re-oxygenation by pumping surface water down to the bottom zones [21] , would only activate the resting diatoms if they are simultaneously mixed up into water depths with sufficient light available. The Baltic Sea has undergone a decrease in water transparency during the last century owing to eutrophication [49] and therefore, this could limit germination of resting diatoms deeper down in the water column. Another possibility is that resting diatoms surviving hypoxia/anoxia could contribute to and enhance the spring bloom upon water column mixing, as has been suggested previously [50] . This process is significant since modelling results of the studied coastal bay indicates that diatoms buried in the 'dead zone' sediment represent in the order of 120% of the available pelagic phytoplankton carbon biomass if they would all germinate during one day. These findings highlight the importance of diatoms in benthic-pelagic coupling as well as general cycling of carbon and silica in aquatic systems.
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